Abstract: Whether a transplanted allograft is stably accepted, rejected, or achieves immunological tolerance is dependent on the frequency and function of alloreactive lymphocytes, making the identification and analysis of alloreactive T and B cells in transplant recipients critical for understanding mechanisms, and the prediction of allograft outcome. In animal models, tracking the fate of graft-reactive T and B cells allows investigators to uncover their biology and develop new therapeutic strategies to protect the graft. In the clinic, identification and quantification of graft-reactive T and B cells allows for the early diagnosis of immune reactivity and therapeutic intervention to prevent graft loss. In addition to rejection, probing of T and B cell fate in vivo provides insights into the underlying mechanisms of alloimmunity or tolerance that may lead to biomarkers predicting graft fate. In this review, we discuss existing and developing approaches to track and analyze alloreactive T and B cells in mice and humans and provide examples of discoveries made utilizing these techniques. These approaches include mixed lymphocyte reactions, trans-vivo delayed-type hypersensitivity, enzyme-linked immunospot assays, the use of antigen receptor transgenic lymphocytes, and utilization of peptide-major histocompatibility multimers, along with imaging techniques for static multiparameter analysis or dynamic in vivo tracking. Such approaches have already refined our understanding of the alloimmune response and are pointing to new ways to improve allograft outcomes in the clinic.
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Abstract: Whether a transplanted allograft is stably accepted, rejected, or achieves immunological tolerance is dependent on the frequency and function of alloreactive lymphocytes, making the identification and analysis of alloreactive T and B cells in transplant recipients critical for understanding mechanisms, and the prediction of allograft outcome. In animal models, tracking the fate of graft-reactive T and B cells allows investigators to uncover their biology and develop new therapeutic strategies to protect the graft. In the clinic, identification and quantification of graft-reactive T and B cells allows for the early diagnosis of immune reactivity and therapeutic intervention to prevent graft loss. In addition to rejection, probing of T and B cell fate in vivo provides insights into the underlying mechanisms of alloimmunity or tolerance that may lead to biomarkers predicting graft fate. In this review, we discuss existing and developing approaches to track and analyze alloreactive T and B cells in mice and humans and provide examples of discoveries made utilizing these techniques. These approaches include mixed lymphocyte reactions, trans-vivo delayed-type hypersensitivity, enzyme-linked immunospot assays, the use of antigen receptor transgenic lymphocytes, and utilization of peptide-major histocompatibility multimers, along with imaging techniques for static multiparameter analysis or dynamic in vivo tracking. Such approaches have already refined our understanding of the alloimmune response and are pointing to new ways to improve allograft outcomes in the clinic. I n the absence of immunosuppression, allografts in inbred mice succumb primarily to acute T cell-mediated rejection, whereas in outbred mice, allografts can also be rejected in a T cell-independent but complement/neutrophil-dependent manner, underscoring the heterogeneity of rejection processes in the absence of immunosuppression. 1 In the clinic, conventional pharmacological immunosuppression is largely effective at preventing and treating T cell-mediated rejection, 2, 3 so most allografts are lost from antibody-mediated rejection (AMR). Both preexisting and de novo donor-specific antibodies (DSA) predict poor graft outcomes compared with DSA-negative recipients, with de novo DSA-mediated AMR being associated with IFNγ-inducible, natural killer cell and T cell transcripts and inferior graft survival compared with preexisting DSA. 4 These observations suggest that the accurate quantification of donor-specific T, B and plasma cell responses may allow for an earlier diagnosis and the development of therapeutic interventions that result in improved longterm outcomes. To this end, traditional methods of identifying alloreactive T cells and DSA are being improved upon and new techniques have become available. In this review, we discuss evolving methods for identifying, isolating and tracking alloreactive T and B cells in mouse models and in the clinical setting.
DETECTING ALLOREACTIVE T CELLS AFTER ALLOANTIGEN STIMULATION
T cell-mediated allograft rejection is thought to depend on cytokine production, cytotoxicity, and provision of help to other lymphocytes. Thus, tracking the phenotype and function of alloreactive T cells in animal models and clinical studies of transplantation may lead to better diagnosis of transplantation rejection and tolerance. We note that in addition to alloreactive T cells, autoreactive T cells from preexisting autoimmune conditions, or activated when cryptic epitopes become exposed, can also participate in damaging the graft, 5, 6 but this review will focus on tracking alloreactive T cells. Historically, alloreactive T cells have been defined by their ability to respond to stimulation with alloantigen. By coculturing peripheral blood mononuclear cells (PBMCs) from the donor with PBMCs from the recipient in vitro, a technique known as mixed lymphocyte reaction (MLR), recipient alloreactive T cells can be tracked based on their activation, proliferation, or production of cytokines. MLRs can theoretically measure responses to antigen presented by both direct and indirect pathways, although accumulation of T cells that recognize alloantigen directly is thought to overshadow the response of indirect T cells that may start at a lower frequency. To identify T cells specific for indirectly presented antigen, donor PBMCs lysed before coculture with live host PBMCs have been used as a source of donor antigen to be presented to host T cells by host antigen-presenting cells. 7 The MLR has also been adapted to quantify the frequency of T cells with cytotoxicity against donor cells by sequentially diluting responder cells in limiting dilution assays and measuring cytotoxic activity against donor targets after stimulation. 8 Both naïve and memory CD4 + and CD8 + T cells from human peripheral blood have been shown to proliferate in an MLR, whereas granzyme B and perforin are preferentially expressed by memory CD8 + T cells. 9 In association with the MLR, flow cytometry or enzymelinked immunosorbent (ELISpot) assay have been used to determine the number of cytokine-producing cells after stimulation, with flow cytometry identifying the cells containing the intracellular cytokine and ELISpot detecting the frequency of cells secreting a given cytokine. Similar to the MLR, T cells activated in an allospecific ELISpot may predominantly respond to directly presented alloantigen and the indirect response can be probed by coculturing intact recipient PBMCs with lysed donor PBMCs. 10 ELISpot has a lower limit of detection, which makes it advantageous for detecting rare cytokine-secreting cells but has the risk of underreporting, particularly in samples where there are many cytokine-producing cells. 11 Because effector and memory, but not naïve, T cells can produce IFNγ after 24 hours or less of in vitro stimulation, 24 hours ELISpot assays have been used to determine the number of donor-reactive memory IFNγ-producing T cells. 12 Indeed, the presence of donor-reactive IFNγ-producing cells before transplantation as detected by ELISpot has been associated with worse clinical outcomes after renal transplantation. 13 Flow cytometry analysis after an MLR has also been used to identify T cells that upregulate activation markers or proliferate in response to donor stimulation. Activated T cells increase their expression of many surface molecules, including those used for costimulation or coinhibition, antigen presentation, cytokine responsiveness, chemotaxis and other functions. 14, 15 Of these, CD25, 16, 17 CD69, 17, 18 CD71, 16, 17 CD134, 19 CD137, 19, 20 CD154, 19 and LFA1α 21 have been used in transplantation to identify alloreactive T cells. The glycoproteins CD44 [21] [22] [23] or CD45 isoforms, 24 markers of antigen experience, are also used to distinguish naive from effector and memory cells. Markers of cell-cycle entry, such as Ki67, can also identify recently activated T cells. 23 Additionally, labeling responder PBMCs with intracellular dyes, such as carboxyfluorescein succinimidyl ester (CFSE), whose fluorescence intensity is halved with each cell division, has been used to identify proliferating donor-reactive T cells after culture in an MLR. 25 Although upregulation of many surface markers of activation can be detected within 24 to 48 hours of stimulation, in vitro assays detecting cell division such as CFSE dilution, require more than 48 hours. Stimulated cells expressing activation markers or diluted CFSE can be isolated by fluorescence-activated cell sorting (FACS) and subjected to additional analysis. For example, next-generation sequencing of T cell receptors (TCRs) has recently been used to identify alloreactive T cell clones that expanded after ex vivo stimulation with donor PBMCs. 26 Identifying these alloreactive clones in pretransplant patients allows for their prospective tracking in circulating and graft-infiltrating T cells posttransplantation. Such an analysis of circulating T cells revealed clonal T cell deletion as one of the mechanisms of clinical tolerance in recipients of combined donor bone marrow and renal allografts. 27 Allospecific regulatory T (Treg) cells also express markers of activation and proliferation in response to their cognate alloantigen in an MLR, and can be identified by staining with Foxp3-specific antibodies. 17, 24, 28 Although in vitro stimulation assays are simple and valuable, they may not reliably reflect in vivo activation with regard to kinetics, extent of proliferation, or expression of surface markers and cytokines. 29, 30 Thus, in vivo methods of stimulating allospecific cells may more faithfully reflect an immune response to an allograft in terms of functionality and phenotype. In experimental models, one can study the frequency of alloreactive T cells within a polyclonal repertoire in vivo by observing cell proliferation after adoptive cell transfer into a recipient mouse expressing alloantigen. . 25 This strategy that models graft-versus-host disease ensures that the recipient mouse does not reject the transferred cells because of their shared MHC haplotype, while the transferred cells can react to the host H-2 d haplotype. The frequency of transferred cells with diluted CFSE can then be determined as a measure of alloreactivity, though this approach obviously cannot be used in humans.
The trans-vivo delayed-type hypersensitivity (DTH) model has adapted the concept of the MLR to an in vivo setting that allows for the study of alloimmunity in patient samples. 31 In this assay, graft recipient PBMCs and lysed donor cells as a source of donor antigen are coinjected into the footpad of a severe combined immunodeficiency mouse lacking its own functional adaptive immune system. If the patient has immune memory to donor antigens presented through the indirect pathway, DTH can be observed in the mouse footpad within 24 hours, in the form of increased swelling when compared with injection of PBMCs alone. Because the lysate lacks intact donor antigen-presenting cells, this method is presumed to probe the indirect pathway of allorecognition. Cytokine and receptor blocking antibodies have been injected into the severe combined immunodeficiency host to determine which factors are necessary for the stimulation or suppression of alloreactive cells in the trans-vivo DTH assay. Through the observation of linked-suppression to a third party antigen, this model has revealed that in human allograft recipients tolerant to their grafts after cessation of immunosuppression, alloreactive immune responses are actively suppressed in an IL-10-or TGFβ-dependent manner. 32 Although this assay is useful for mechanistic studies, its utility as a routine clinical assay is limited because it is labor intensive, challenging to standardize, and requires stored donor cell lysates to be available.
A disadvantage of studying alloreactive T cells by stimulation with alloantigen ex vivo or by the trans-vivo assay is that stimulation by these methods may not reflect the nuances associated with processing of donor antigens derived from engrafted tissue, and thus T cells stimulated in these assays may not behave similarly to those stimulated in the context of a transplant. Responder cells used in these assays also do not reflect the effects that circulating immunosuppressive drugs may have on the alloresponse in vivo. Nevertheless, ex vivo stimulation and trans-vivo DTH assays have allowed for the analysis of a polyclonal alloreactive repertoire in a wide range of mouse models and experimental human studies.
USING MODEL ALLOANTIGENS AND T CELLS WITH KNOWN SPECIFICITY
In mice, TCR-transgenic T cells specific for intact or processed donor MHC, or for model antigens expressed transgenically under ubiquitous, tissue-specific, or inducible promoters in transplanted organs, have permitted the study of monoclonal alloimmune responses in both naïve and sensitized mice. TCR-Tg T cells can be adoptively transferred into recipients before transplantation, allowing control of graft-specific T cell precursor frequency. Furthermore, these cells can be reisolated based on staining with antibodies specific to congenic markers or to their clonotypic TCR. Such experiments have revealed, for example, that the frequency of donor-reactive T cells in the host before transplantation determines the efficacy of costimulation blockade therapy. 33 Mice bearing Tg TCRs specific to antigens restricted to presentation on either donor or host MHC have been used to study direct or indirect allorecognition, respectively. Comparison of direct and indirect T cells in a mouse model of chronic heart allograft rejection has shown that direct recognition of alloantigen occurs for a brief time after transplantation, whereas indirect allorecognition can be more long-lived provided that donor antigen remains available for processing and presentation. 23 Adoptive transfer of fluorescently labeled TCR-Tg T cells combined with intravital imaging by 2-photon microscopy has been used in mouse models of kidney 34 and pancreatic islet 35 transplantation to visualize TCR-Tg alloreactive T cells traversing graft-associated endothelium while in contact with dendritic cells. This approach has revealed a mechanism for antigen-dependent but chemokine-independent migration of effector alloreactive T cells, and the chemokinedependent migration of antigen-nonspecific effector T cells, into vascularized grafts. 36 Intravital imaging has also allowed the observation of the spatial relationship between allospecific cytotoxic T lymphocytes (CTLs) and their targets in a mouse model of skin transplantation. 37 Generation of TCR-Tg mice is time consuming, explaining why most preclinical studies using these cells rely on a small number of commonly available TCR-Tg mice (see Table 1 ). In contrast, the endogenous response to a given allopeptide/ MHC complex involves multiple TCRs with varied avidity, such that a single TCR transgene reactive to 1 pMHC specificity cannot accurately represent the function and phenotypes of an endogenous polyclonal TCR repertoire recognizing the same pMHC. Retrogenic (Rg) mice bearing retrovirustransduced TCRs as a source of TCR-Rg T cells are a much faster alternative to the development of TCR-Tg mice, and this approach also eliminates the need to backcross the mice. The TCR-Rg technology provides the opportunity to produce mice expressing more TCRs of interest, for example to compare the behavior of diverse TCRs specific to a single model antigen. This technique has been utilized to study autoreactive [50] [51] [52] T cells and may become useful in studying alloreactive T cells as well.
It is important to note that some TCR-Tg T cells may become induced Treg cells after adoptive transfer and antigen experience, whereas others do not seem to convert to Treg cells in vivo. 40 Another key caveat of adoptive transfer of monoclonal allospecific T cells is that they may not behave as innocuous tracers of the endogenous alloimmune response, but in some cases, may alter the intensity and quality of endogenous alloimmunity. Indeed, our group showed that adoptive transfer of 10 3 or greater CD4 + indirect alloreactive TCR-Tg T cells/mouse potentiated alloantibody production and expansion of endogenous alloreactive CD8 + T cells, and altered the quality of the intra-graft innate infiltrate. 53 
STUDYING THE POLYCLONAL ALLOSPECIFIC T REPERTOIRE WITH PMHC MULTIMERS
In addition to using monoclonal allospecific Tg or Rg T cells as a tracer population of alloreactive T cells, one can track the polyclonal alloreactive endogenous response to a single donor antigen by staining these cells using pMHC multimers. pMHC multimers consist of 4 or more pMHC complexes linked together and associated with a fluorophore. Because a single pMHC-TCR association is not strong enough to reliably persist throughout staining and flow cytometry, combining multiple pMHCs together into a multimer increases the likelihood that at least 1 pMHC remains bound to its target T cell so that it may be detected by flow cytometry. As many as 12 pMHC complexes have been linked into a single multimer, with increased numbers of pMHC providing a greater ability to identify low avidity T cells. 54 There is controversy over the contribution of TCR-peptide versus TCR-MHC interactions in direct allorecognition, and analogously over the nature of binding of alloreactive TCR to donor pMHC multimers. In support of a key role for direct TCR-MHC interactions, crystal structures have shown alloreactive TCRs binding donor MHC in a geometry that would provide little contact with allopeptide. 55 Conversely, experimental models have shown an attenuated alloresponse when stimulator cells or grafts have impaired peptide loading onto donor class II MHC. 56 Crystal structures have also displayed variation in the conformation of a dEV8 peptide when presented on K . These findings suggest that MHC and peptide cooperate to shape the epitope recognized by an alloreactive TCR. 57 The design of pMHC multimers requires knowledge of the peptide that alloreactive T cells recognize. Because the endogenous peptide that is recognized by T cells in concert with a given donor MHC molecule is often not known, tetramers are currently used in mouse models expressing model antigens with well-established peptide sequences. Although a technique frequently used for tracking tumor-specific T cells, 58, 59 relatively few studies in transplantation have made use of pMHC multimers for tracking alloreactive T cells. Theoretically, pMHC multimers can be used to study host T cells that recognize alloantigens both directly and indirectly, depending on whether the MHC in the tetramer matches the haplotype of the graft donor or recipient, respectively. Indirect T cell recognition in mice has been modeled via expression of a model antigen by the donor graft, such as ovalbumin, and tracking of SIINFEKL:K b tetramer-binding CD8 + T cells after transplantation. 53, 60 Class II MHC multimers can be used to track CD4 + Tconv and Treg cells but the use of class II MHC multimers has been rarer as they have been technically challenging to generate. Nevertheless, this technique has recently been applied to transplantation in a study comparing the effects on donor-reactive T cells of CTLA4-Ig when administered at the time of immunization with model antigenexpressing donor splenocytes, versus 1 week later. 61 Human studies using tetramer staining to identify donor-specific T cells have been even more difficult because more than 1000 classical HLA alleles have been discovered in the human population. 62 One potential solution is to select study participants who share at least 1 HLA allele and study the response to peptides presented on this MHC molecule. This technique has been used to identify CTLs and CD8 + regulatory T cells specific to a fetus-derived minor antigen in mothers, as well as to a noninherited maternal antigen in offspring. 63 Indeed, exposure to noninherited maternal antigen can impact the outcome of transplanted organs from family members. 64 A single sample can be stained with multiple unique pMHC multimers to identify and compare cell populations with different pMHC specificities. Typically, these populations are resolved by conjugating each pMHC complex to a unique fluorophore. However, this strategy limits the number of multimers used to the number of channels available on the flow cytometer. Mass cytometry has expanded the number of channels that can be utilized for a single cell but that number remains in the double digits. Interestingly, a recent study has described a method capable of costaining 1 peripheral blood sample with 1000 different pMHC multimers by conjugating each type of multimer to a unique DNA barcode. 65 The proportion of T cells with each pMHC specificity is then determined by sorting all multimer-bound cells (identified by conjugation of all pMHC multimers to 1 common fluorophore), sequencing the barcodes in the sorted population to enable functional T cell analysis with large-scale epitope recognition profiling for various diseases. Although this method has not yet been used to study alloimmunity, 66 it may be a useful strategy for comparing T cells spanning many allospecificities, particularly in clinical samples for which there is not enough material to subject to multiple staining conditions.
One drawback to the use of pMHC multimers for functional studies is that the stable binding of the TCR to a pMHC may alter the potential of that T cell to proliferate or exhibit effector function. To circumvent this problem, an adapted multimer structure called the Streptamer was designed that allows for the induced dissociation of the pMHC complex 67 and subsequent culture or adoptive transfer of isolated epitope-specific T cells. 68, 69 Instead of the biotinylated pMHC used in traditional multimers, Streptamers consist of pMHC complexes conjugated to Strep-tag and are assembled on a Strep-Tactin backbone in place of streptavidin. Biotin successfully competes with Strep-tag for Strep-Tactin binding and therefore, adding free biotin to Streptamers will lead to multimer disassembly and dissociation of individual pMHC complexes from the targeted T cell (Figure 1) . Two additional reversible pMHC multimer forms, the DTB-pMHC multimer 70 and NTAmer, 71 have been developed to improve upon the shelf life and ease of preparation of Streptamers though they are not commercially available. These forms of reversible pMHC multimers have only been described for class I MHC but could theoretically be made for class II MHC as well. Although a promising solution to a potential limitation of traditional pMHC multimers, the use of reversible pMHC multimers to analyze the alloresponse have not yet been reported.
QUANTIFYING ALLOGRAFT-REACTIVE ANTIBODIES
In contrast to the lack of routine assays for quantification of donor-specific T cell responses in the clinic, a state-of-theart approach for quantifying human B cell responses through the detection of donor-specific antibodies in the clinic is well established. The specificities of these antibodies can be divided into 3 broad categories: HLA-specific, non-HLA-reactive and polyreactive antibodies. The contribution of HLAspecific antibodies (HSA), especially donor HLA-specific antibodies (DSA) to AMR and graft loss is well documented [72] [73] [74] [75] [76] and aided by the availability of clinical grade reagents and assays to detect HSA and DSA in the serum of transplant recipients and of patients on the transplant waitlist. [77] [78] [79] In addition, investigations into the outcomes of HLA-identical sibling transplantations suggest that minor histocompatibility antigens may impact graft outcome.
Other than detection of antibodies to blood group antigens, the assessment of non-HLA antibodies has been challenging for clinical practice although recent availability of high-throughput protein arrays as well as solid phase assays have increased the ability to detect auto/non-HLA antibodies in the clinic. 80, 81 Specifically, there is emerging evidence that antibodies directed at several endothelial antigenic targets on macrovascular and microvascular endothelium, including the angiotensin type I receptor, endothelin type A receptor and the bioactive C-terminal fragment of perlecan (LG3) contribute to AMR. Finally, Zorn and colleagues 82 reported on the high incidence of polyreactive antibodies that cross-react with multiple self-antigens, HLA and apoptotic cells, in pretransplantation and posttransplantation sera from kidney transplant recipients.
Despite significant assay refinement, there remains several limitations to DSA quantification, including the sequestration of antibodies by the graft that limits or delays their detection, a so-called prozone effect that results in false negatives when there is high titer of DSA, and the lack of standardized DSA quantification that predicts AMR and graft loss. 79, 83 In contrast, the ability to detect and quantify the B cells responding to the allograft would provide complementary advantages to HSA/DSA quantification, including a potentially earlier detection of emerging humoral responses, and insights into the evolving cellular and molecular bases for de novo DSA production. 84 These insights may allow for immunosuppression to be tailored more effectively to control antibody responses FIGURE 1. Alloreactive T cells present in the polyclonal repertoire can be identified using pMHC multimers bearing allopeptide presented on donor or recipient MHC. Traditional pMHC multimers consist of multiple pMHC monomers in association with a multivalent streptavidin backbone. The association of pMHC and streptavidin occurs via engineered biotin tails on the pMHC monomers. The streptavidin backbone is covalently linked to a fluorophore, allowing detection of multimer-binding cells by flow cytometry. Although individual pMHC monomers quickly dissociate from their target Tcells, the higher avidity of pMHC multimers allows for long-term binding and observation of allospecific Tcells using flow cytometry. In contrast, streptamers are adapted pMHC multimers whose disassembly into pMHC monomers can be induced by the addition of free biotin. In the Streptamer, the biotinylated tails on the pMHC monomer are replaced with a similar moiety called Strep-Tag. Instead of the biotin-Streptavidin association used in traditional pMHC multimers, Strep-Tag associates with a Strep-Tactin backbone. When free biotin is added to a suspension of Streptamer-bound cells, the biotin competes with Strep-Tag for association with Strep-Tactin, thus causing the individual pMHC monomers to dissociate from Strep-Tactin. Streptamers are an alternative to traditional multimers used when the multimer-bound cells are to be isolated by FACS for further functional analysis, as traditional multimers may interfere with T cell function. and AMR. New assays for the quantification of HLA-specific B cells, non-HLA-specific and polyreactive B cells in the context of allograft transplantation in mouse models and humans are discussed.
TRACKING ALLOSPECIFIC B CELLS
The early studies tracking the fate of donor-specific B cells in experimental mouse models used B cell receptor-transgenic (BCR-Tg) mice bearing BCRs specific for known MHC molecules. The 3-83 Igi BCR-knock-in mice that express a BCR with dual specificity for H-2K k and H-2K b were used to show a deletional fate of alloreactive B cells in an anti-CD154-induced model of peripheral transplantation tolerance, 85 and that the presence of memory alloreactive B cells prevented the induction of anti-CD154-mediated allograft acceptance. 86 Parsons et al 87 used bone marrow cells from a related 3-83 BCR-Tg mouse to generate mixed bone marrow chimeras, and to show that emerging donor-specific B cells were deleted in the presence of allogeneic bone-marrow cells but acquired an anergic phenotype in the presence of heart allografts. However, limited availability of BCR-Tg mice with allo-MHC specificity and notable caveats of using mice bearing nonphysiological frequencies of monoclonal populations of B cells have hampered the widespread application of this approach for studying the fate of donor-specific B cells in mouse models. Like T cells, pMHC tetramers have been used to study donor MHC-specific B cells in mice. In contrast to the pMHC for T cells, the peptide presented by pMHC plays minimal role in the ability of B cells to recognize allogeneic MHC, thus any appropriate MHC allele incorporated into a tetramer can be used to detect donor MHC-specific B cells. However, 1 major caveat with this approach is that the MHC tetramer not only identifies B cells reactive to pMHC epitopes, but also B cells reactive to non-MHC components of the tetramer, including streptavidin and fluorochromes. Thus, considerable efforts have been made to ensure the identification of B cells that are MHC-specific 88 panel). Taylor et al 89 used tetramers comprising of a biotinylated model self-antigen (ovalbumin) complexed to a PE-labeled streptavidin core, and with decoy tetramers comprising biotin and streptavidin labeled with both Alexa Fluor (AF)647 and PE. Hamilton et al 93 showed that B cells specific for 2 linear peptides from RNA-binding proteins could be similarly identified with tetramers comprising of biotinylated linear peptides and streptavidin conjugated to PE, and used a similar decoy consisting of biotin-streptavidin core conjugated to PE and AF647. These studies demonstrated that a tetramer-based strategy can, in principle, be used to identify donor-specific B cells that are specific for non-MHC and autoreactive molecules.
By using pMHC tetramer-based systems, it became possible to measure the expansion and differentiation of antigenspecific B cells after sensitization or allograft transplantation. After antigen encounter, B cells undergo a process of class switching, resulting in the down-regulation of IgD and upregulation of several costimulatory molecules, such as MHC class II, CD80, and CD86. These activated B cells then enter a germinal center reaction and acquire Fas(CD95)/GL7 expression, which can be observed in 80% or less of allospecific B cells posttransplantation. 91 The germinal center B cells differentiate into short-lived plasmablasts, which can be defined by their expression of CD138 and the transcription factor IRF4, as well as into memory B cells. Memory B cells have been challenging to detect in mice because of their low numbers and the absence of unique and definitive markers. Isotypeswitched IgG postgerminal center B cells have been historically defined as class-switched memory B cells, but the IgM + memory B cell population cannot be detected by this method. 94 Thus, genetically-modified mice in which B cells become irreversibly 'marked' by the expression of a fluorescent protein as they enter germinal centers during a T celldependent response, have been used to identify memory B cells. By crossing Rosa26-loxP-EYPF reporter mice with transgenic mice expressing Cre recombinase driven by the promoter of the gene encoding activation-induced cytidine deaminase (Aicda), Yang et al. 92 quantified the generation of memory B cells with donor-MHC class II specificity, and showed that the frequency correlates with the strength of the recall antibody response. Those studies therefore showed how tracking alloreactive B cells could inform on their in vivo fate after transplantation.
There are considerable efforts devoted to the tracking of memory donor-specific B cells in humans, and substantial frequencies of memory B cells have been reported as circulating in human peripheral blood. [95] [96] [97] [98] These cells have been detected indirectly, after their activation and differentiation into antibody-secreting cells ex vivo, and then quantified by IgG ELISpot assays or by assessment of secreted IgG in the supernatant. [99] [100] [101] [102] [103] [104] [105] [106] The ELISpot assay provides information on the frequency of HLA-specific B cell, but this approach is handicapped by the low frequencies of HLA-specific antibody-secreting B cells, by the challenge of developing ELISpot assays for the array of HLA alleles encountered in the clinic, and by the assay duration that requires 6 to 10 days of ex vivo culture. Quantifying IgG in the supernatant and assessing their specificity by ELISA or using clinical grade HLA-coated beads overcomes some of the limitations imposed by the ELISpot assay, but this approach only provides an indirect assessment of the frequency of HLAspecific B cells that assumes that plasma cells secrete comparable amounts of IgG. Furthermore, there is no direct way to assess the phenotype and functional characteristics of graftspecific B cells, and a 6-to 10-day culture is still required.
The approach to directly identify HLA-specific B cells with fluorescently labeled HLA class I tetramers was reported by Zachary and colleagues, [107] [108] [109] but its clinical translation is hampered by the limited availability of validated HLA class I and II tetramers that prevents the assessment of the full donor MHC-reactive B cell repertoire. More recently, a related approach to identify HLA-specific B cells using microspheres coated with HLA molecules was described. 110 In this assay, HLA-specific B cells bind to, and form HLA bead B cell rosettes (BBR) that are identified by flow cytometry. Importantly these single HLA antigen-coated beads are being used in the clinic, where their multiplexing power enables the simultaneous analysis of antibodies directed to a large panel of clinically relevant HLA class I or II antigens. 77, 79 With this approach, the identity and frequency of B cells specific for HLA alleles, as well as their phenotypes, can be rapidly determined in time-frames that are comparable to HSA/DSA assays. For instance, the frequency of CD19 + B cells that bind to single HLA-A*0201 allele-coated beads were shown to be increased in sensitized transplant recipients with biopsyproven AMR compared with healthy volunteers or nonsensitized stable transplant recipients. Nevertheless, the expanded numbers of B cells that bound the HLA beads were only modestly enriched for B cells with a memory phenotype, suggesting a need for further validation of the specificity of the B cellbead interaction. Notably, the authors also used this bead assay to quantify B cells with specificity for human albumin, tetanus toxin, EBV nuclear antigen, and myelin oligodendrocyte glycoprotein, suggesting that this platform may be expanded to detect B cells specific for non-HLA antigens.
It is currently possible, but technically challenging and labor intensive to detect B cells expressing polyreactive B cell receptors. Zorn and colleagues 85 have generated EBVimmortalized B cell clones, and tested their secreted antibodies for binding to a panel of HLA antigens and apoptotic cells. Serum samples that had higher reactivity to apoptotic cells also displayed reactivity to a broader array of MHC class I alleles compared with samples with low reactivity to apoptotic cells. Moreover, the observation of 4 distinct B cell clones cross-reactive to self and numerous HLA class I alleles that did not have "shared" epitopes provided proof of principle evidence that human polyreactive antibodies can cross-react to HLA, multiple self-antigens and apoptotic cells. The extent to which polyreactivity contributes to high panelreactive antibodies (PRA), and the provenance of these polyreactive B cells, either as "natural" low affinity B cells or postgerminal center B cells, require further investigation.
TRACKING IN VIVO GENERATED PLASMA CELLS
Tetramer-based detection systems have allowed for the identification of antigen-specific naïve, activated, and memory B cells. However, it has been challenging to assess fullydifferentiated allospecific plasma cells with this approach. Plasma cells express high levels of CD138, which is also expressed on other cell types including pro B cells and select subsets of myeloid, T and NK cells 111, 112 (http://www. immgen.org). Furthermore, plasma cells express little to no Application of the technique for this purpose has not been reported. However, pMHC Streptamers are structurally and functionally like pMHC multimers and TCR-Rgs are like TCR-Tgs, such that many of the applications of TCR-Tgs and pMHC multimers should be possible using TCR-Rgs and pMHC Streptamers, respectively.
CD19 or B cell receptor, making the identification of antigenspecific plasma cells by cell-surface expression and flow cytometry extremely challenging. Thus, an alternative approach has been developed to detect the frequency of plasma cells secreting MHC-specific antibodies using an ELISpot assay that utilizes immobilized anti-IgG and biotinylated MHC monomers. 92, 113, 114 Sicard et al 114 reported that the frequency of plasma cells posttransplantation was increased~10 4 -fold in the spleen and~10 3 -fold in the bone-marrow, in contrast to the plasma cells generated after viral infections that were predominantly enriched in the bone marrow. Furthermore, spleen-resident plasma cells differentiated into cells that secreted more donor-specific IgG compared with their bone marrow-resident counterparts, providing unexpected insights into the biology of donor MHC-specific plasma cells.
Long-lived plasma cells are responsible for serological memory, and there is considerable interest in identifying desensitization protocols that successfully eliminate these cells in patients with high PRA. Perry et al, reported anti-HLA antibody production in vitro by B cells isolated from the bone marrow of sensitized kidney transplant recipients, and the impact of bortezomib-mediated proteasome inhibition for treating humoral rejection. 115 However, this approach has limited clinical applicability because of the need for bone marrow or lymphoid organ sampling to access the long-lived plasma cells that are responsible for serological memory in sensitized pretransplant and posttransplant individuals, as the blood only harbors short-lived plasma blasts. The determination of successful desensitization will therefore most likely utilize DSA detection as a proxy for the presence or absence of long-lived plasma cells.
CONCLUSIONS
In summary, tracking of alloreactive T cells has allowed the study of the phenotype, genotype and function of cells mediating the alloimmune response ( Table 2) . Identification of polyclonal alloreactive T cells through restimulation has been useful in both mouse and human studies whereas mouse models of transplantation using grafts expressing known antigens are allowing precise prospective tracking of an alloimmune T cell response. Some tools, such as TCR-Tg mice, have been used widely in the field of transplantation and have been key to our current understanding of alloimmunity, whereas the use of pMHC multimers to track endogenous alloreactive T cells is gaining traction. Other techniques such as Streptamer-based cell isolation and intravital imaging have not yet been extensively used in transplantation and may be powerful tools for future studies. Despite progress in experimental models, it remains extremely challenging to identify alloreactive T cells in the clinic. In contrast, available MHC tetramers have allowed for the quantification of donor HLA-specific B cells in both mouse and humans. Although access to both the secondary lymphoid organs and bone marrow has allowed for more detailed analysis of the evolution of the B cell response after allotransplantation in mice and limited human studies, widespread implementation of immune monitoring for pretransplant and posttransplant patients will likely be restricted to the analysis of naïve and memory B cells in the peripheral blood.
